Introduction
Over-arm throwing ability is an essential element of success in various sports associated with frequent overhead actions. Throwing velocity also affects athletic efficiency in handball, volleyball, and baseball (Andrade, de Carvalho Koffes, Benedito-Silva, da Silva, & de Lira, 2016) . From the corporeal perspective, handball is an intermittent and contact sport that involves highintensity endeavours in the shortest possible time, such as running, jumping, and throwing the ball, followed by low-intensity or rest moments. Hence, given the significance and frequency of over-arm movements in handball training and competitions, the shoulder complex experiences severe mechanical stresses. Furthermore, handball involves reiterative bouts of high-velocity arm throwing, which demands dynamic stabilization the effects of shoulder muscle strength and power on throwing techniques and shoulder injury prevention (Andrade et al., 2016 (Andrade et al., , 2010 Granados, Izquierdo, Ibanez, Bonnabau, & Gorostiaga, 2007; Pontaga & Zidens, 2014) . Elite handball players are trained to produce higher measures of shoulder peak torque compared to non-elite players (Wagner, Fuchs, & von Duvillard, 2018) , which could positively influence throwing velocity according to the angular-linear velocity relationship (Halliday, Resnick, & Walker, 2013) . Shoulder muscle characteristics were formerly studied at various velocities including 60 °/s, 90 °/s, 240 °/s, and 300 °/s (Andrade et al., 2016; Fleck et al., 1992; Pontaga & Zidens, 2014) . Shoulder rotator cuff strength training is already reported to confer enhancement on internal rotation (IR) performance by increasing in IR power output and throwing velocity in both standing and jumping throws (Mascarin et al., 2017; Raeder, Fernandez-Fernandez, & Ferrauti, 2015) . Poor muscle strength, on the other hand, was shown to increase the probability of early fatigue and decrease the torque of both internal and external rotators (Andrade et al., 2016) .
In sports movements that require high-power output such as a handball throw, the time to reach maximum force is very short. Explosive strength deficit (ESD) is used to describe the relationship of maximal force generated under ideal circumstances and the force generated under more relevant task-specific conditions (Weiss, Fry, & Relyea, 2002; Zatsiorsky & Kraemer, 2006) . In other words, ESD depicts the percentage of individual strength potential that was not utilized in a given task (Zatsiorsky & Kraemer, 2006) . Therefore, measures of ESD are expressed as the difference between performance and the expected ideal, so ESD values are inversely proportional to performance, whereas other performance characteristics are typically directly proportional to power output (Weiss et al., 2002) . In sports that involve motions that begin with a stretch-shortening cycle and are performed with high velocity, ESD is expected to be relatively low (Weiss et al., 2002) .
Segment length and muscular body shape are two essential advantages in handball (Bon, Pori, & Šibila, 2015; Chaouachi et al., 2009; Hasan, Rahaman, Cable, & Reilly, 2007; Milanese, Piscitelli, Lampis, & Zancanaro, 2011) . The most successful handball teams are generally taller and possess less body fat, whether male or female (Bon et al., 2015; Hasan et al., 2007) . Additionally, young handball players are reported to be taller with more body mass compared to peers who play different sports (Bon et al., 2015) . Theoretically, longer segmental length could significantly increase the linear velocity of the projectile at the throwing moment; however, segmental length could also decrease throwing velocity by an excessive moment of inertia (Halliday et al., 2013) . No significant correlation was seen between anthropometric parameters and throwing velocity in handball players (Chaouachi et al., 2009 ). However, it has been reported that a combination of general anthropometric parameters, such as body mass, height, and body mass index and handball-specific anthropometric parameters, including hand perimeter, ring finger length, middle finger length, and arm span are significantly correlated with throwing velocity (Debanne & Laffaye, 2011) . Concerning strength measures of upper limbs, higher wrist grip value is also reported to have a notable impact on throwing velocity (Vila et al., 2012) .
Powerful, precise throwing is an excellent approach to scoring goals in handball, particularly when there is an eight-meter distance to the goal (Wagner et al., 2010) . Therefore, based on findings of related studies discussed above, the principal objective of this study was to assess the relationship between throwing velocity and the physical traits of anthropometric characteristics and shoulder muscle strength in female handball players.
Methods

Participants
Nine elite female junior handball players (age 17.1 ± 1.7 years, body height 169.7 ± 3.8 cm, body mass 66.2 ± 6.8 kg, experience with handball 8.9 ± 1.7 years) participated in the study. The participants reported no instances of neuromuscular or musculoskeletal injury of the upper extremities in the previous two years. Written statements of informed consent were provided by all participants or their legal representatives (i.e., when participants were less than 18 years old), and the testing protocol was approved by the institutional ethics committee.
Instruments and procedures Throwing velocity
To measure throwing velocity, radar (Speed Trac, Gamma, Pittsburgh, PA, USA) was used. Before the measurement, the subjects performed a 15-minute warm-up. The throwing test was conducted as previously described in studies that focused on throwing velocity in handball (van den Tillaar & Cabri, 2012; van den Tillaar & Ettema, 2011). Throwing was performed from standing with one limb in front of the body approximately 7 m in front of the target using a standard ball (size 2, mass 0.360 kg). The subjects were asked to throw with maximal strength to the target (0.5 m × 0.5 m) placed 1.65 m above the ground. Between velocity tested. ESD was calculated as 100 * (PT 30 -PT 240)/PT 240, where PT 30 is PT at 30 °/s, and PT 240 is PT at 240 °/s (Weiss et al., 2002; Zatsiorsky & Kraemer, 2006) .
Anthropometric variables
Body height and length parameters were measured with an accuracy of ± 0.5 cm using the anthropometer (A-226, Trystom, Olomouc, Czech Republic); circumferential parameters (arm circumference, flexed arm circumference) with an accuracy of ± 0.5 cm (circumferential measuring tape); width parameters on limbs with an accuracy of ± 0.2 cm using a sliding scale. Body mass was measured with an accuracy of ± 0.5 kg, and the analysis of body composition was performed using the multifrequency method of bioelectric impedance with an InBody 720 device (Biospace, Seoul, Korea). The measurements were conducted under standard conditions. The InBody 720 device divides the body into five segments (left and right upper limbs, trunk, and left and right lower limbs) and uses an alternating electrical current with frequencies of 1-1000 kHz to differentiate body mass into total body water (intracellular and extracellular), proteins, minerals, and body fat. Lean body mass on the upper limb (kg) was also determined by the InBody 720 device. The data collected with the InBody 720 were transferred into MS Excel (Version 2013; Microsoft, Redmond, WA, USA) and analysed using the Lookin Body program (Version 3.0; Biospace, Seoul, Korea).
Statistical analysis
Statistical analyses were performed using Statistica (Version 12; Tulsa, StatSoft, Tulsa, OK, USA). Due to the small sample size, non-parametric statistical procedures were used. To determine the relationships between shoulder IR strength, ESD, lean body mass of the upper limb, and anthropometric characteristics with throwing velocity, Spearman's correlations were used. The significance level was set at α = .05.
Results
No significant correlation was observed between participants' mean IR torque values and throwing velocity either 30 °/s or 240 °/s angular velocity (Table 1) . ESD measures also showed no significant correlation with mean throwing velocity. Lean body mass of upper limb also had no significant correlation with throwing velocity.
Anthropometrically, a significant correlation was observed between the participants' upper limb length and throwing velocity (r = .817, p = .007). A slightly throws, there was a 1-minute rest. The mean value of throwing velocity was calculated from three successful trials and used for analysis.
Muscle strength
Muscle strength testing was conducted with an isokinetic dynamometer (IsoMed 2000, D. & R. Ferstl, Hemau, Germany). The device was calibrated according to the manufacturer's guidelines. The participants performed a non-specific warm-up before the isokinetic measurement. The subject first assumed a testing position that was modified from that used by Ellenbecker and Davies (2000) . The subject sat in a custom-made chair with a hip and knee angle at 90° of flexion; the feet did not touch the ground. The arm was positioned at 70° of glenohumeral abduction, 10° horizontal adduction (anterior to the frontal plane), 0° of rotation (i.e., forearm perpendicular to the ground). The elbow was at 90° of flexion, as measured by a handheld goniometer. The position of the chair and the height and incline of the dynamometer head and shoulder adapter with the subject's thumb positioned on the medial end of the grip were adjusted to meet the criteria stated above with respect to the axis of the dynamometer and the longitudinal axis of the humerus through the olecranon. To stabilize the body against undesirable movements, Velcro straps were used around the waist and over the shoulders. A total range of motion of 100° was measured from a starting position at 10° of external rotation to a final position at 90° of internal rotation.
Internal rotators were tested at velocities of 30 °/s and 240 °/s in concentric mode on the dominant upper limb (i.e., the preferred arm for throwing). Fast acceleration at the beginning and a strong deceleration at the end of the movement defined a throw. Verbal explanation and demonstration, and 3-5 practice trials preceded the test as a part of the specific warm-up and to allow the subject to gain familiarity with the test procedure. After the warm-up, three motions at 30 °/s and five motions at 240 °/s were performed in one set with instructions to apply force quickly, forcefully, and throughout the whole range of motion. Rest intervals of 90 seconds were taken between throws. The subjects were not allowed to hold a handle with their contralateral upper limb. The subjects were verbally encouraged by the investigator and visually by realtime feed-back on the monitor. Data were corrected for the effect of gravity.
Data were processed using the manufacturer's software IsoMed Analyze (Version 1.0.5; D. & R. Ferstl, Hemau, Germany). Results are presented as mean absolute peak torque (PT) and mean relative peak torque (PTR) normalized to body mass at each weaker, but still significant correlation existed between the hand length and throwing velocity (r = .683, p = .042). Upper arm length and circumferences and forearm length had a weak correlation with throwing velocity.
Discussion
A handball player's ability to execute a powerful, precise throw while simultaneously gaining position against competitors involves many anthropometric factors and muscle qualities (Vila et al., 2012) . The principal objective of this study was to assess the relationship between throwing velocity and the physical traits of anthropometric features and shoulder IR strength of handball players to evaluate the contribution of these factors to throwing performance. Our findings indicate that throwing velocity is significantly correlated with upper limb and hand length of handball players; however, none of the other shoulder IR tests, including lean body mass of upper limb, arm and forearm length, arm and flexed arm circumference, arm and wrist width variables are significantly correlated with throwing velocity.
In terms of upper limb anthropometry, although the participants in this study were elite young female players, anthropometric characteristics of upper limbs were similar to those of elite adult players (Bon et al., 2015; Vila et al., 2012) . This can be explained by the physical maturity of the participants in this study. From a physics point of view, an incremental increase in the length of the athlete's hand increases the linear velocity of the projectile according to the angular-linear velocity relationship (Fleisig, Barrentine, Zheng, Escamilla, & Andrews, 1999; Halliday et al., 2013) . Mechanically, this means that an increment of a rotation radius causes a proportional increase in the force applied to the ball, which increases the linear velocity of the ball (Zapartidis et al., 2009 ). On the other hand, although a longer segment helps increase the linear velocity of a thrown ball, an excessive increase in segmental length might also lead to more inertial momentum (Halliday et al., 2013) .
Hand length, a handball-specific anthropometric parameter, has been reported to have a significant correlation with throwing velocity in handball players (Debanne & Laffaye, 2011; Skoufas, Kotzamanidis, Hatzikotoylas, Bebetsos, & Patikas, 2003; Zapartidis et al., 2009) . The outcomes of this study are in agreement with these previous studies; our results show that hand length has a significant correlation with throwing velocity (r = .68). Increased length is considered important for a stable ball grip and proper throwing technique (Burton, Greer, & Wiese-Bjornstal, 1993; Zapartidis et al., 2009) , and it is generally assumed that a stable ball Note. PT 240 = absolute peak torque at a velocity of 240 °/s; PT 30 = absolute peak torque at a velocity of 30 °/s; PTR 240 = relative peak torque at a velocity of 240 °/s; PTR 30 = relative peak torque at a velocity of 30 °/s. grip gives the athlete the ability to throw a ball with maximal acceleration (Skoufas et al., 2003) . A weak correlation was reported between throwing velocity and upper arm and forearm lengths (Skoufas et al., 2003) , and our findings are in agreement with this previous study. Despite thorough analysis, no significant correlation was observed between lean body mass and throwing velocity in the female participants of this study, which is in agreement with a study conducted on elite male players (Chaouachi et al., 2009 ). Halliday et al. hypothesized that body mass could be beneficial for throwing a handball throw from the perspective of the impulse-momentum relationship (Halliday et al., 2013) . Mathematically, a decrease in joint range of motion -shoulder complex in this study -can decrease joint angular displacement; consequently, this leads to reductions in angular and linear velocity at throwing moment. For example, although athletes who play back and pivot positions on a handball team benefit from having a muscular and bulky upper arm. However, throwing velocity was higher in athletes who play in the centre positions, despite having less bulky upper arms (Vila et al., 2012) . In this study, only the correlation between the mean of the data collected from all participants was investigated, and game positions, which could lead to different results, were not studied. Based on this fact, an investigation on individual game position might supply more in-depth information about young handball players.
Compared with previous studies, the mean IR torque measured in this study population is similar to the broader population of handball players (Bonetti et al., 2019; Mascarin et al., 2017; Raeder et al., 2015) particularly among female players (Bonetti, 2019) . In handball throwing, the motions of triple shoulder horizontal adduction, flexion, and internal rotation occur rapidly in succession when a ball is thrown toward the goal area. Our study showed no significant relationship between upper limb muscle torque and throwing velocity, which agrees with the findings of Fleck et al. (1992) . They found no significant correlation between shoulder internal rotation, horizontal adduction, and flexion in set ball shot shots made at a 240 °/s velocity (Fleck et al., 1992) . Other studies also found no significant correlation between shoulder IR torque and throwing velocity among young male and adult female handball players in shots with ground support (Zapartidis, Gouvali, Bayios, & Boudolos, 2007) .
These findings with could be explained by the fact that when athletes are in contact with the ground, the force transferred through the legs and the trunk may be enough to lower the demand on shoulder joint muscles to develop throwing velocity (Zapartidis et al., 2007) . In contrast, with jump shots, athletes cannot benefit from the ground reaction force and have to activate more shoulder muscles to enhance the throwing performance.
Theoretically, ESD has a strong relationship to movements requiring power and rate of force development (Weiss et al., 2002) . No study has investigated the ESD correlation with throwing velocity in handball players. Nevertheless, it has been reported that ESD has a negative correlation with performance in the powerful actions that utilize a stretch-shortening cycle, such as countermovement jumps (Weiss et al., 2002) . In the arm-cocking phase of a handball throw, a fast lengthening occurs in the shoulder IR before the acceleration phase, which uses the advantage of the stretch-shortening cycle to throw the ball. Given that the players performed isolated shoulder IR torque tests, it was predicted that they would not execute at their true performance level. In addition, the values of ESD measured in this study were close to the measures reported by Weiss et al. in jumping performance (Weiss et al., 2002) . More investigations are required to obtain more information regarding powerful actions in handball, such as handball throws.
It is also worth mentioning that the small sample size of this research must be taken into consideration as a limitation of this study.
Conclusions
The results of this study lead to the following conclusions: the upper limb and hand length are anthropometric parameters that affect throwing velocity in female junior handball players. These findings highlight the significance of upper arm and hand length for elite female handball players and can contribute to the talent identification process for handball coaches and sports scientists. Our results did not show a significant relationship between shoulder IR torque and throwing velocity.
